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Hydroxide  exchange  membrane  (HEM)  is  the  most  important  and  key  performance-limiting  component 
of  HEMFC.  Plasma  copolymerization  is  adopted  to  synthesize  the  hydroxide  exchange  membranes  with 
microphase-separated  structure.  The  X-ray  photoelectron  spectroscopy  and  Fourier  transform  infrared 
spectroscopy  demonstrate  that  the  quaternary  ammonium  groups  can  be  successfully  introduced  into 
the  polymer  matrix  in  the  plasma  copolymerization  process.  The  transmission  electron  microscope 
images  reveal  that  plasma  copolymerization  allowed  the  generation  and  aggregation  of  ionic  groups 
and  the  formation  of  ionic  transport  channels,  leading  to  an  excellent  phase-separated  morphology  of 
the  membrane.  The  plasma-copolymerized  hydroxide  exchange  membranes  possess  excellent  hydroxide 
ion  conductivity,  chemical  and  thermal  stability,  ultra-thin  and  mechanical  integrity  structure,  as  well  as 
the  ability  of  building  an  efficient  three-phase-boundary,  making  them  very  exiting  candidates  for  fuel 
cell  applications. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

By  employing  a  basic  environment,  hydroxide  exchange  mem¬ 
brane  fuel  cells  (HEMFCs)  enhance  the  reaction  kinetics  for  both 
oxygen  reduction  and  fuel  oxidation,  and  circumvent  the  prob¬ 
lems  with  low  durability,  serious  corrosion  and  high  costs  of  the 
platinum  catalyst  encountered  in  proton  exchange  membrane  fuel 
cells  (PEMFCs)  which  operate  under  acid  conditions  [1-4].  In  addi¬ 
tion,  HEMFCs  also  offer  fuel  flexibility,  inhibited  fuel  crossover 
from  anode  to  cathode,  thus  making  it  possible  to  higher  the  fuel 
cell  efficiency  [2,5].  However,  due  to  the  low  conductivity  for  the 
hydroxide  exchange  membranes  (HEMs),  the  most  important  and 
the  key  performance-limiting  component  of  HEMFC,  HEMFC  can¬ 
not  yet  compete  with  its  basic  analogue  (PEMFC)  [6,7].  Besides, 
the  needs  for  HEMs  with  necessary  thermal  and  chemical  stability, 
ultra-thin  structure,  and  solubility  in  low  boiling  point  water-solute 
solvents  to  building  an  efficient  three-phase-boundary  are  also  key 
challenges  in  the  development  of  HEMFCs. 

More  recently,  some  important  researches  found  that  one  of 
the  most  significant  reasons  for  the  low  conductivity  of  HEMs 
is  the  lack  of  microphase  separation  structure,  which  promotes 
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continuous  ionic  aggregation  and  ionic  nanochannels  formation 
to  provide  pathways  for  ion  conduction,  since  the  membranes 
were  cast  in  their  nonionic  form  [8,9].  Yan  and  Hickner  have 
recently  reported  the  relationship  between  the  conductivity  and 
the  amination  types  of  the  HEMs  [10].  Their  findings  suggest  that 
ionic  interactions  during  the  casting  process  can  promote  ionic 
aggregation.  The  membranes  prepared  by  casting  the  polymer 
previously  converted  to  the  ionic  form,  homogeneous  amination, 
had  higher  conductivity  than  those  cast  in  nonionic  form  and 
subsequently  converted  to  ionic  form,  heterogeneous  amination, 
indicating  the  importance  of  building  an  efficient  microphase 
separation  structure  to  improve  the  membrane  performance. 
This  requirement  is  supported  by  Coates  and  co-workers  who 
prepared  HEMs  by  introducing  tetraalkylammonium  groups  to  the 
monomer  prior  to  the  polymerization  and  film-casting  processes 
[6,11,12],  and  Zhuang’s  groups  who  prepare  HEMs  by  converting 
the  polymer  solution  to  quaternary-ammonium-ionic  form  and 
then  casting  films  [13,14].  However,  due  to  the  restriction  of 
the  traditional  film-casting  method,  it  is  difficult  to  synthesize 
HEMs  as  thin  as  10p>m  without  any  loss  of  mechanical  integrity. 
Considering  the  mobility  of  hydroxide  ion  is  inherently  slower 
than  that  of  proton  in  dilute  solution,  thinner  HEMs  are  promising 
due  to  their  decreased  ionic  resistance,  and  as  a  result,  increased 
fuel  cell  performance  [8,12].  Plasma  polymerization  method  was 
used  to  synthesize  membrane  for  fuel  cells  [15-17].  More  recently, 
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we  have  prepared  HEMs  by  the  plasma  polymerization  approach 
[18-22].  Although  the  plasma  polymerized  HEMs  possess  ultra- 
thin  and  mechanical  integrity  structure,  the  synthesis  of  HEM 
with  efficient  microphase  separated  structure  is  restricted  due  to 
the  heterogeneous  amination  and  the  catalyst  poisoning  problem 
still  exists  in  the  post-quaternization  process  [21].  Herein,  plasma 
copolymerization  was  adopted  to  synthesize  HEMs. 

In  the  plasma  copolymerization  process,  exciting  species  such 
as  electrons,  ions  and  neutral  particles  within  plasma  bombard 
with  the  monomers  and  create  active  sites  for  quaternization 
and  polymerization,  and  then  the  plasma  polymers  with  qua¬ 
ternary  ammonium  groups  deposit  onto  the  substrate  forming 
solid-state  membrane.  By  employing  the  plasma  copolymerization 
approach  from  the  monomers  with  benzyl  chloride  and  tertiary 
amine  moiety,  HEM  synthesis  can  be  greatly  simplified  and  the 
problem  of  catalyst  poisoning  is  expected  to  be  resolved  since  the 
post-quaternization  is  unnecessary  [21].  This  approach  enabled  a 
homogeneous  amination  and  led  to  a  good  microphase  separation 
structure  in  the  anion  exchange  membrane.  In  addition,  the  mem¬ 
brane  can  be  directly  deposited  onto  the  catalyst  layer  leading  to 
maximization  of  the  catalyst/electrolyte  interface,  and  as  a  result, 
an  efficient  three-phase  boundary  and  low  interfacial  resistance 
between  membrane  and  electrodes  [21].  Furthermore,  the  highly 
cross-linked  structure  can  improve  the  chemical  and  mechanical 
properties  of  membrane  [20,23].  There  has  hitherto  been  no  report 
of  HEMs  comprehensively  possessing  the  excellent  microphase 
separation  and  ultra-thin  structure  with  mechanical  integrity,  as 
well  as  the  ability  of  building  an  efficient  three-phase-boundary 
without  the  need  of  solubilizing  the  polymer  in  low  boiling  point 
water-soluble  solvents. 

2.  Experimental 

2.1.  Materials 

4-Vinylbenzyl  chloride  (VBC,  95wt%)  and  4-vinyl  pyridine 
(VP,  95wt%)  were  purchased  from  Alfa  Aesar®,  and  used  without 
further  purification.  Potassium  hydroxide  (KOH,  AR  grade),  sodium 
hydroxide  (NaOH,  AR  grade),  hydrochloric  acid  (HC1,  37  wt%)  were 
obtained  from  Shanghai  Chemical  Reagent  Store  (China).  AHA 
membrane  (Cl~  form)  received  from  NEOSEPTA  was  treated  with 
2M  KOH  solution  to  convert  the  CD  form  into  OH-  form,  and 
then  stored  in  deionized  water.  Deionized  water  was  used  in  all 
experiments. 

2.2.  Synthesis  of  plasma-copolymerized  hydroxide  exchange 
membrane 

In  the  present  study,  4-vinyl  pyridine  (VP)  and  4-vinylbenzyl 
chloride  (VBC)  were  used  as  monomers  to  synthesize  plasma- 
copolymerized  HEMs  with  quaternary  ammonium  chloride  groups 


(PCPNC1),  followed  by  hydroxide  exchange  to  preparation  HEMs 
with  quaternary  ammonium  hydroxide  groups  (PCPNOH),  as 
shown  in  Scheme  1.  The  reactor  was  in  a  after-glow  discharge  con¬ 
figuration,  meaning  that  the  glow  discharge  was  produced  in  the 
upper  part  of  the  reactor  (in  a  Pyrex  glass  tube)  and  the  plasma 
polymerization  was  performed  in  the  lower  part  of  it  (stainless  steel 
chamber).  The  plasma  discharge  was  sustained  by  a  pulsed  mode 
RF  power  supply  between  two  external  electrodes  (5  cm  gap)  in 
the  Pyrex  glass  tube  using  argon  (supplied  by  Air  liquid)  as  work¬ 
ing  gas.  4-Vinylbenzyl  chloride  (VBC)  and  4-vinyl  pyridine  (VP) 
monomers  carried  by  H2  (supplied  by  Air  liquid),  were  introduced 
into  the  polymerization  region  through  air  distribution  rings.  The 
flow  rates  of  VBC,  VP,  H2  and  Ar  were  controlled  by  gas  mass  flow 
controllers.  The  partial  pressure  ratio  between  vinyl  pyridine  and 
vinylbenzyl  chloride  was  kept  constant  at  1 : 1 .  The  constant  param¬ 
eters  in  this  experiment  were  20  W  for  the  discharge  power,  60  Pa 
for  the  reactor  total  pressure  (10  Pa  for  partial  pressure  of  argon) 
and  -10  V  for  the  bias  voltage  to  the  substrate.  There  are  different 
substrates  used  to  support  plasma-polymerized  membrane:  sili¬ 
con  wafers  [P-doped  Si(l  00)]  for  SEM  observations,  stainless  steel 
plates  for  chemical  structural  characterizations  and  polytetrafluo- 
roethylene  (PTFE)  porous  substrates  for  thermal  stability  and  ionic 
conductivity  measurements. 

The  plasma-polymerized  membranes  (PCPNC1)  were  immersed 
in  2molL_1  potassium  hydroxide  aqueous  solution  at  room  tem¬ 
perature  for  48  h  to  convert  the  Cl-  form  into  OH-  form.  Then,  the 
alkalized  membranes  (PCPNOH)  were  washed  by  deionized  water 
to  remove  any  trapped  potassium  hydroxide  and  finally  immersed 
in  deionized  water  >48  h  with  frequent  water  changes. 

2.3.  Characterization  of  membranes 

The  morphology  and  microstructure  of  the  plasma  polymerized 
membrane  were  studied  by  scanning  electron  microscope  (SEM) 
and  transmission  electron  microscope  (TEM).  Before  SEM  (Sirion 
200,  FEI,  at  operation  voltage  of  5.0  kV)  observation,  the  PCPNOH 
membrane  with  silicon  substrate  was  frozen  in  liquid  nitrogen  and 
broken  to  expose  the  cross-section.  For  TEM  analysis,  a  piece  of 
PCPNC1  membrane  sample  (CD  form)  was  embedded  in  epoxy  resin 
at  60  °C  for  8  h.  The  sample  was  then  ultramicrotomed  on  a  using  a 
microtome  (Leica  Ultracut)  to  a  thickness  of  ~90  nm  and  placed  on 
a  200  mesh  copper  grid.  Images  were  taken  on  JEM-2 1 00  (Japan)  at 
200  kV. 

The  XPS  analysis  was  carried  out  using  a  Thermo  ESCALAB  250 
spectroscopy  (Thermo  Electron  Corporation)  at  a  power  of  150W 
with  a  monochromatic  Al  Ka  radiation  at  1486.6  eV.  XPS  of  PCPNC1 
and  PCPNOH  membranes  were  recorded  at  pass  energies  of  70  eV 
for  survey  spectra  and  20  eV  for  core  level  spectra.  The  spectrometer 
energy  scale  calibration  was  checked  by  setting  Ag  3d5/2  =  368.26  eV 
and  the  spectra  were  calibrated  with  respect  to  the  C  Is  peak  at 
284.6  eV. 


Scheme  1.  Synthesis  of  plasma  copolymerized  hydroxide  exchange  membranes  containing  quaternary  ammonium  groups  (PCPNOH). 
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Fig.  1.  X-ray  photoelectron  spectroscopy  (XPS)  [C  Is  (a),  N  Is  (b),  Cl  2p  (c)  and  Ols  (d)]  spectra  of  PCPNC1  and  PCPNOH. 


Thermal  degradation  and  stability  of  the  membranes  were 
investigated  using  differential  scanning  calorimetry  (DSC)  (Q2000, 
TA,  USA).  ~2mg  dried  membrane  sample  with  PTFE  substrate, 
placed  in  a  Pt  crucible,  was  heated  from  ambient  temperature  to 
350  °C  under  flowing  nitrogen  at  the  scanning  rate  of  5  °C  min-1 . 

2.4.  Ion-exchange  capacity  and  ionic  conductivity  measurements 

The  ion-exchange  capacities  (IECs)  of  PCPNC1  and  PCPNOH 
membranes  were  measured  by  classical  back  titration  method.  The 
hydroxide  conductivity  of  the  obtained  membrane  was  measured 
by  three-electrode  AC  impedance  spectroscopy.  The  measurement 
details  have  been  reported  in  our  previous  work  [19,20],  shown  in 
the  supplementary  information. 

3.  Results  and  discussion 

The  generation  of  the  quaternary  ammonium  moiety  in  plasma 
copolymerized  membrane  (PCPNC1)  can  be  indicated  by  the  absorp¬ 
tion  at  ~1488cm-1  assigned  to  C-H  bending  of  quaternary 
ammonium,  ~1648cnrr1  attributed  to  amide  band  of  ATR-FTIR 
spectra,  shown  in  Fig.  SI  [24-27].  The  chemical  structure  of  the 
PCPNC1  and  PCPNOH  membranes  were  further  analyzed  by  X-ray 
photoelectron  spectroscopy  (XPS),  shown  in  Fig.  1.  As  regards  the 
C  Is  spectra,  there  are  four  peaks  in  plasma-copolymerized  anion 
exchange  membranes,  which  appear  at  284.3  eV  for  C=C,  284.8  eV 
forC-C,  C-H,  286.1  eV  for  C-Cl,C=N,C-0,  and  287.1  eVforC-N,C=0 
[28-30].  The  existence  of  quaternary  ammonium  groups  in  PCPNC1 
membrane  can  be  demonstrated  by  the  decomposition  of  N 1  s  spec¬ 
trum  (pyridinic  N  at  398.9  eV,  pyrrolic  N  at  400.1  eV  and  quaternary 
N  at  401 .5  eV),  shown  in  Fig.  1  b,  indicating  successful  conversion  of 


ionic  form  during  the  plasma  copolymerization  process  [30].  Quan¬ 
titatively  analysis  of  the  N  1  s  spectra,  shown  in  Table  1 ,  reveals  that 
the  percentage  of  quaternary  nitrogen  is  2.41  at.%  and  1.27  at.%  for 
PCPNC1  and  PCPNOH  membranes,  respectively,  which  are  higher 
than  that  of  sulphur  in  sulfonic  acid  groups  for  Nation  117  mem¬ 
brane  (shown  as  1.23  at.%  in  Ref.  [25]),  indicating  a  high  hydroxide 
ion  conductivity  in  the  plasma-copolymerized  HEMs.  Table  1  also 
shows  the  atomic  percentage  of  carbon,  nitrogen,  chlorine  and  oxy¬ 
gen  in  PCPNC1  and  PCPNOH  membranes.  The  atomic  percentage  of 
chlorine  decreases  after  the  alkalization  process,  while  the  percent¬ 
age  of  oxygen  increase,  suggesting  the  conversion  of  quaternary 
ammonium  chloride  groups  into  quaternary  ammonium  hydrox¬ 
ide  groups.  This  can  be  further  demonstrated  by  the  core  level  XPS 
spectra  of  Cl  2p  and  O  1  s,  as  shown  in  Fig.  1  c  and  d,  where  the  inten¬ 
sity  peaks  characteristic  of  Cl-  (at  197.0eV)  decreased,  but  those 
characteristics  of  OH-  (at  531.2  eV)  increased  [31,32]. 

The  hydroxide  conductivity  of  the  PCPNOH  membrane  is  plot¬ 
ted  as  a  function  of  temperature  over  the  range  of  20-60  °C  at  1 00% 
relative  humidity  (RH)  (Fig.  2).  For  comparison,  the  hydroxide  con¬ 
ductivity  of  the  commercial  AHA-OH  membrane  (NEOSEPTA®  AHA 
membrane  OH-  form)  was  also  measured  under  the  same  condi¬ 
tions.  The  PCPNOH  membrane  (1.29  mmol  g_1)  exhibits  excellent 
hydroxide  conductivity  of  13.7  mS  cm-1  at  20  °C  (see  Fig.  S2  of 
Nyquist  plot),  which  is  3.9  times  that  of  the  AHA-OH  membrane 


Table  1 

XPS  elemental  analysis  of  plasma-copolymerized  PCPNC1  and  PCPNOH  membranes. 


Membrane 

C  (at.%) 

O  (at.%) 

Cl  (at.%) 

N  (at.%) 

N+  (at.%) 

PCPNC1 

85.38 

11.28 

2.71 

4.54 

2.41 

PCPNOH 

79.40 

19.58 

0.86 

2.85 

1.27 
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Fig.  2.  Temperature  dependence  of  the  hydroxide  ion  conductivity  of  PCPNOH  and 
AHA  membranes. 

(3.5  mScnr1 ).  The  ionic  conductivity  of  PCPNOH  membrane  is  on 
the  order  of  lOmScirr1  at  room  temperature  indicating  the  sat¬ 
isfactory  for  application  of  the  membrane  in  fuel  cells  [33].  At 
the  same  time,  the  ionic  conductivity  increased  with  increasing 
temperature,  and  increased  to  24.7  mS  cm-1  at  60  °C,  which  is 
high  compared  with  that  of  many  other  types  of  HEMs  such  as 
quaternized  poly(ether-imide)  (3.3mScm-1  at  60  °C)  [34],  quat- 
ernized  cardo  polyetherketone  (5.1mScm_1  at  60 °C)  [35],  and 
tetraalkylammonium-functionalized  poly(arylene  ether  sulfone) 
(18mScm_1  at  60  °C)  [36].  The  good  conductivity,  we  surmise,  is 
because  of  the  aggregation  of  ionic  groups  and  well-connected  ion 
transport  pathways  in  the  plasma-copolymerized  membranes.  In 
order  to  investigate  hydrophilic/hydrophobic  microphase  separa¬ 
tion  and  the  ion  transport  channel  on  the  membrane,  transmission 
electron  micrograph  (TEM)  observations  were  carried  out  (Fig.  3). 


Fig.  3.  (a)  TEM  image  of  the  PCPNC1  membrane  and  (b)  TEM  image  of  the  cross- 
section  of  PCPNC1  membrane. 


Temperature  (°C) 

Fig.  4.  DSC  analysis  of  the  PCPNOH  membrane  with  the  PTFE  substrate. 

TEM  micrographs  reveal  the  presence  of  ionic  domains  and  ionic 
channels  in  the  plasma-copolymerized  PCPNC1  membrane  matrix 
due  to  the  difference  of  electronic  density  between  hydrophobic 
backbone  and  ionic  domain  [11,37].  As  can  be  seen  in  Fig.  3a, 
the  ionic  clusters  (the  dark  areas)  are  well  distributed  in  the 
hydrophobic  backbones  (the  bright  areas).  These  ionic  clusters 
can  be  connected  to  form  ion  transport  channels.  From  the  cross- 
sectional  view  of  PCPNC1  membrane,  as  shown  in  Fig.  3b,  the  ionic 
channels  can  be  clearly  observed.  The  excellent  phase-separated 
morphology  of  the  PCPNC1  membrane  indicates  that  the  plasma 
copolymerization  allowed  the  generation  and  aggregation  of  ionic 
groups  and  the  formation  of  ionic  transport  channels  in  the  solid- 
state  membrane,  which  is  thought  to  be  essential  for  high  ionic 
conductance. 

Polymers  which  full  contact  with  the  catalyst  layer  hold  great 
promise  as  HEMs  because  the  maximization  of  catalyst/electrolyte 
interface  can  conduce  to  forming  an  efficient  three-phase- 
boundary  (TPB)  structure.  Fig.  S3  shows  the  SEM  images  of  the 
PCPNOH  membrane  deposited  on  silicon  wafer,  where  a  flat,  dense, 
uniform  and  undamaged  structure  with  a  thickness  of  3.4  p,m  can 
be  seen.  The  plasma-copolymerized  HEMs  could  completely  cover 
the  substrate  and  did  not  peel  off  from  it  after  immersion  in  2  M 
KOH  solution  and  deionized  water  for  several  days,  indicating 
a  strong  adhesion  between  the  membrane  and  substrate.  These 
results  are  crucial  for  preparing  fuel  cells  with  efficient  TPB  and 
low  interfacial  resistance  between  membrane  and  electrodes.  It 
is  unfeasible  for  other  HEMs  synthesis  methods  to  build  efficient 
TPB  in  the  absence  of  quaternary-amine-functionalized  polymer 
solution.  The  SEM  image  displays  the  undamaged  membrane  struc¬ 
ture  in  2  M  KOH  solution  for  2  days,  indicating  the  high  chemical 
stability  of  the  obtained  membrane  [14].  The  thermal  stability  of 
PCPNOH  membrane  deposited  on  PTFE  substrate  was  investigated 
by  differential  scanning  calorimetry  (DSC)  in  flowing  nitrogen.  The 
decomposition  temperature  of  quaternary  ammonium  observed 
from  Fig.  4  is  130  °C,  indicating  the  steady  operation  of  PCPNOH 
membrane  below  100°C,  which  is  higher  than  the  typical  HEMFC 
working  temperature,  i.e.  60-70  °C.  The  thermal  stability  of  the 
plasma  copolymerized  HEM  was  acceptable  [14]. 

4.  Conclusion 

We  have  successfully  developed  a  new  approach  for  HEMs  syn¬ 
thesis.  The  plasma  copolymerization  allowed  the  generation  and 
aggregation  of  ionic  groups  and  the  formation  of  ionic  transport 
channels,  leading  to  an  excellent  phase-separated  morphology 
of  the  PCPNC1  membrane.  The  plasma  copolymerized  HEMs 
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displayed  excellent  hydroxide  ion  conductivity  (13.7  mS  cm-1  at 
20  °C),  chemical  and  thermal  stability,  as  well  as  the  ability  of 
building  an  efficient  three-phase-boundary,  making  them  very 
exiting  candidates  for  fuel  cell  applications.  The  novel  plasma 
copolymerization  approach  casts  a  new  light  on  the  conceptual 
and  methodological  improvement  in  designing  fuel  cells. 
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